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Abstract 

This paper presents an uncertainly analysis of 
the Single-Vector Force Balance Calibration System 
(SVS). This study is focused on the uncertainty 
involved in setting the independent variables during the 
calibration experiment. By knowing the uncertainty in 
the calibration system, the fundamental limits of the 
calibration accuracy of a particular balance can be 
determined. A brief description of the SVS mechanical 
system is provided. A mathematical model is 
developed to describe the mechanical system elements. 
A sensitivity analysis of these parameters is carried out 
through numerical simulations to assess the sensitivity 
of the total uncertainty to the elemental error sources. 
These sensitivity coefficients provide valuable 
information regarding the relative significance of the 
elemental sources of error. An example calculation of 
the total uncertainty for a specific balance is provided. 
Results from this uncertainty analysis arc specific to the 
Single-Vector System, but the approach is broad in 
nature and therefore applicable to other measurement 
and calibration systems. 

Nomenclature 

a angle in the pitch direction 

0 angle in the roll direction 

7,7,“ linear distances to center of gravity 

e position offset 

X rotation matrix 

A axial force in the BCS 

BCS balance coordinate system 

CG center of gravity 

F force 

CCS gravitational coordinate system 

8x>8v>gz projection of the gravity vector onto the 
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balance axes 

N normal force in the BCS 

P pitching moment in the BCS 

R rolling moment in the BCS 

S side force in the BCS 

x,y,z linear distances 

Y yawing moment in the BCS 


Subscripts 


applied weight 

below the knife-edge system 

load point on the fixture 

force positioning system 

inner bearing support 

initial geometrical offset 

load point on the yoke at the location of 

the knife-edges 

knife-edge 

knife-edge attachment system 
load template 

moment correction due to the yoke load 
point position 

moment correction due to the yoke CG 
location 

moment correction due to the 2-axis 
accelerometer CG location 
weight pan 

2-axis accelerometer system 

fasteners to attach FPS to fixture 

sub assembly of the FPS (does not include 

fasteners) 

precision weights 

yoke 


Introduction 


Direct measurement of aerodynamic loading is 
fundamental to wind tunnel testing. An instrument 
known as a force balance provides these measurements 
in six degrees of freedom. The balance is mounted 
internally in a sealed wind tunnel model and measures 
three orthogonal components of aerodynamic force 
(normal, axial, and side force) and three orthogonal 
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ihc non-mclric positioning system, and the orientation 
or the balance is precisely measured on the metric end 
using the accelerometer system. This accelerometer 
system provides the components ol the gravitational 
vector projected onto the three-axes ol the balance 
coordinate system. Combining the measured 
gravitational components on the balance axes and the 
known applied weight enables the determination of the 
three force components. 

The three balance moment components arc a 
function of the force vectors and the position of Ihc 
point of load application in three-dimensional space 
relative to the balance moment center (BMC). The 
BMC is a defined location in the balance coordinate 
system that serves as a reference point in which the 
moment components arc described. The point ol load 
application is set using the multiple degree -of- freedom 
force positioning system. This system utilizes a novel 
system of bearings and knife-edge rocker guides to 
maintain the load orientation, regardless of the angular 
orientation of the balance, which makes the point of 
load application independent ol the angular orientation 
of the balance. Stated another way, when the balance is 
manipulated in three-dimensional space, the point of 
load application remains fixed. 

A mechanical system provides the ability to set the 
independent variables during the calibration experiment 
as described above. While the SVS hardware system is 
fundamentally simpler than other force calibration 
systems, the nature of the six-component calibration 
experiment still requires multiple mechanical degrees of 
freedom. A drawing of the primary force application 
components of the SVS is provided in Figure 2. The 
system consists of a number of high-precision 
mechanical components that contribute to the total 
uncertainty of the forces and moments set during the 
calibration experiment. The ability to measure or 
calculate the geometric properties and weights of these 
components provides the elemental sources of error. 
The mathematical relationship between the component 
properties and the independent variables (forces and 
moments relative to the balance coordinate system) will 
now be presented. 



Figure 2. Single-Vector Diagram 

Forces Due to the Applied Weights 

The compulation of the independent variables is 
divided into two parts. First, the forces arc computed 
followed by the moments. The total applied force is a 
combination of the precision weights and the measured 
weight of the rod and pan system. 

F = F 4 F . ( 1 ) 

The forces in the balance coordinate system (BCS) arc 


K1 



\ 

= b n 


S a 




The applied force is multiplied by the projection of the 
gravitational vector onto the balance axes. In other 
words, the total force is decomposed into the vector 
components of the BCS. 

Forces Due to the Force Positioning System (FPS) 

The applied force due to the force positioning 
system (FPS) is a combination of the FPS subsystem 
weight and the fasteners that attach the FPS to the load 
template as follows, 

< 3 > 

The forces relative to the BCS arc 
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Moments Due to the Applied Weights 

The moments generated due to the applied weight 
arc a function of the magnitude and position of the 
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The first moment correction is 
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Moments Correction Due to the Eccentricity ol the 
Center of Gravity of the Yoke 

A second moment correction is based on the ctlcct 
of the center of gravity (CG) of the yoke being rotated 
relative to the BCS. In a similar manner, the position of 
the CG is determined by calculating its location relative 
to a GCS and then rotating it into the BCS, 

w,=[° °y. < i9> 

Xw,,-, = ([X, ][X< ) • (20) 

The force applied at this rotated location is due to the 
weight of the yoke. The forces relative to the BCS is 
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The second moment correction is equal to 
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Moment corrections due to the Eccentricity of the 
Center of Gravity of the Two-Axis Accelerometer 
System 

The third moment correction is based on the 
location of the center of gravity of the two-axis 
accelerometer system relative to the BCS. A similar 
procedure is followed to compute the location relative 
to the GCS, 

e =f() -sin(0 v *)*7, 0] , 

rotate into the BCS, 

v, B( v = ][^PAf ]^:*r;r.s ) " 


(23) 

(24) 


compute the forces. 
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and calculate the moment correction 
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Total Forces and Moments about the BCS 

Combining the intermediate results of the forces 
acting relative to the BCS provides the total forces as 
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To calculate the total moments relative to the BCS, the 
moments assuming no eccentricity on the load point arc 
combined with the three moment corrections as 
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Note that the eccentricity of the load point docs not 
require corrections to the total lorccs. 

Uncertainty Analysis 


Based on the mathematical models presented, the 
total uncertainty of each measured component 
fX k }=( N,AJ\R.Y,S ) is given by the error 


propagation equation 1 >4! 

var( X k ) _ v v ^ \_ var ^i 

' 7 , l V P'j r r 


(29) 


where 

p,j = covtC.C, VI ™r< c, ivaiiCj < 3()) 

is the correlation coefficient between the variables ^ 


and (V , var(C i )=</ If/ > and ) = </1C,/ICj > 

arc the variance and covariance, respectively, and the 
notation < > denotes the statistical assemble average. 

Here the variables /f., i = l -M } denote a set of the 

parameters in the mathematical models for all the 
system elements of the SVS. The normalized 
sensitivity coefficients ,y . arc defined as 

S tt =(£,/X>s>)(MJK) (3D 

where X FSk is the full-scale range of \\ . 

A typical balance was chosen as an example to 
compute the total uncertainty. The SVS experiment 
design involves 54 unique combinations of the six 
independent variables (the forces and moments). 
Within the 54 runs there arc combinations of six 
variables simultaneously, two variables, and single 
variable set points, also referred to as purc-loads. The 
uncertainty is dependent on the particular combination 
of variables applied. Stated another way, the 
uncertainty depends on the simultaneous levels of the 
variables for a particular required combination in the 
calibration experiment design. A detailed analysis was 
performed for each combination. 
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Table I. Parameters and Elemental Error Sources of the SVS 


Index 


Variable 


10 


11 


12 


Sv 


-V/7 


V/.7 


<i:r 


* r 

hs 


Fn 


13 


14 


13 


16 


17 


18 


19 


20 


23 


24 


23 


26 


27 


F, 


*FPS 


VfPS 




Xvk 


Vv* 




2^2 
( X 4 


Fra? 




-A7' 


Description 

projection of gravity vector on /-axis 

projection of gravity vector on x-axis 

projection of gravity vector on y-axis 

CMM measured x location on load template 
CMM measured v location on load template 
CMM measured z location on load template 

measured force due to precision weights 

measured force due to rod and pan assembly 

measured force due to attachment screws 

calculated /-distance to the centroid of screws 
measured force due to the inner hearing support 

calculated /-distance to CG of IBS 

measured force due to FPS 

CMM measured x location of pins in FPS 

CMM measured y location of pins in FPS 

CMM measured x location of pins in FPS 

measured force due to the yoke 

calculated /-distance to CG of yoke 

CMM measured v location of hole in the yoke 
CMM measured y location of hole in the yoke 
measured force due to the 2-axis acccl, sys. 
measured y-di stance to the CG ol 2-axis acccl. 
measured /-distance to the CG ol 2-axis acccl. 
measured angle of the yoke orientation in pilch 
measured angle oi the yoke orientation in roll 
measured force due to the knife-edge system 
CMM measured z loaclion of kniic-cdgc system 


Range 

Low 


-1 


-1 


1.3625 


-0.623 


constant 


0 


constant 


constant 


constant 


constant 


constant 


constant 


constant 


constant 


constant 


constant 


constant 


constant 


constant 


-1 


-1 


constant 


constant 


Range 

High 

1 

I 

1 

1.3625 

0.625 


160 


1 


1 


Mean 


Level 


Standard 


Deviation 


0.000020 


0.000020 


0.00(X)20 


£ 


0.000200 


inches 


0.000200 


inches 


0.0000 


0.000200 


inches 


0 . 01 % 


1% of I S 


3.1566 


0.0322 


-1.75(H) 


6.7871 


0.000473 


libs. 


0.000005 


lbs. 


0.001000 


inches 


0.001018 


[lbs. 


-0.2867 


0.001000 


inches 


30.1575 


0.004524 


lbs. 


0.0025 


0.000200 


inches 


-0.0006 


0.000200 


[inches 


0.0005 


0.000200 


i nches 


8.0639 


0.0012 10 


[lbs. 


4.7439 


0.000500 


inches 


O.(XXX) 


0.000200 


inches 


().(X)22 


0.000200 


i nches 


1.4054 


0.00021 1 


lbs. 


0.0375 


0.002000 


inches 


10.5215 


0.000200 


inches 


0.001000 


degrees 


0.001000 


degrees 


1.2275 


0.000184 


,lbs. 


8.0844 


0.000200 


inches 
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Concluding Remarks 

An uncertainly analysis of the Single-Vector 
System has been presented. This analysis has provided 
insight into the uncertainty in selling the independent 
variables during a calibration experiment. The 
computation of the total uncertainty is necessary to 
define the attainable accuracy of a specific balance 
under calibration. 

A complete mathematical model that defines the 
relationship between the elemental sources ol error and 
the desired forces and moment has been presented. The 
sensitivity of the forces and moments to each elemental 
source of error has illustrated the dominant sources. An 
example of the calculation of the total uncertainty has 
been provided for a specific balance 

A rigorous uncertainty analysis of the force 
calibration system is necessary to be able to quantify 
the limits for a specific balance calibration. This paper 
documents the uncertainty analysis of the SVS and 
presents a general method that is applicable to other 
force balance calibration systems. 
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